ABSTRACT: To elucidate the factors responsible for the resulting bacterial properties during the spring phytoplankton bloom in the central Yellow Sea, we investigated bacterial abundance and production together with physico-chemical and biological parameters. In spring, the central Yellow Sea is characterized by the horizontal intrusion of high-temperature and high-salinity Yellow Sea Warm Current (YSWC), which forms a thermohaline front between the central Yellow Sea and cold coastal waters, and by the vertical mixing of high-nutrient Yellow Sea Cold Water (YSCW) over the previous winter. The combination of high nutrient conditions with weak vertical density gradients because of increased irradiance, which increases the residence time of phytoplankton within the euphotic layer, seems to trigger the spring phytoplankton bloom. Enhanced bacterial biomass, production, and turnover rates were observed in the bloom area. Bacterial variables were significantly correlated with chl a concentration, but not with temperature. These results indicated that resource supply from phytoplankton primarily stimulated bacterial growth. Despite the enhanced bacterial growth in the bloom area, abundant heterotrophic nanoflagellates and their grazing on bacteria were responsible for the relatively smaller increase in bacterial biomass in the bloom area. Higher bacterial growth but smaller increases in bacterial biomass indicated that bacterial growth and biomass are independently controlled during the spring bloom in the central Yellow Sea, in which bacterial growth is primarily stimulated by organic material produced from the phytoplankton bloom, but the enhanced biomass is more tightly controlled by grazing.
INTRODUCTION
Bacterioplankton play a significant role as both remineralizers of organic carbon and trophic intermediaries in aquatic ecosystems (Pomeroy 1974 , Azam et al. 1983 . Thus, elucidating the major determinants of bacterial abundance and production in various aquatic environments is a significant ecological issue (Ducklow & Carlson 1992) . Several physico-chemical and biological parameters have been proposed as factors controlling bacterial biomass and growth. Dissolved organic carbon may be a major resource, limiting bacterial growth in many cases (Billen et al. 1990 , Kirchman 1990 . The concept of resources limiting bacterial growth has been supported by positive correlations between phytoplankton and bacterial parameters (Bird & Kalff 1984 , Cole et al. 1988 , Ducklow 1999 . Temperature has also been suggested as a key factor controlling bacterial growth in temperate estuarine and cold coastal waters (Pomeroy & Deibel 1986 , White et al. 1991 , Shiah & Ducklow 1994 . In various aquatic environments, protozoan grazing (Rassoulzadegan & Sheldon 1986 , Sherr et al. 1992 ) and viral lysis (Proctor & Fuhrman 1992 , Suttle 1994 have been related to the variations in bacterial abundance. Meanwhile, other research concluded that the physical stability of the water column, which largely controls the trophic conditions, determines bacterial distribution and production and their quantitative role in microbial food-web processes (Cushing 1989 , Kiørboe et al. 1990 , Cho et al. 2001 , Shiah et al. 2001 . In combination, these results suggest that the factors controlling bacterial populations are system-dependent. Therefore, to understand the factors influencing bacterial populations in a given environment, it is important to characterize both the water column structure and the trophic state of the water mass in space and time (Sanders et al. 1992 , Dufour & Torréton 1996 .
The Yellow Sea is a semi-enclosed continental shelf environment with complex physico-chemical characteristics (KORDI 1998) . It is often divided into 4 major water masses: (1) the high temperature, high salinity Yellow Sea Warm Current (YSWC); (2) the high nutrient Yellow Sea Cold Water (YSCW); (3) the low temperature, low salinity Coastal Current Water (CCW); and (4) the low salinity Chiangjiang River Diluted Water (CRDW) (Lie 1984) . These water masses interact differently depending on the season (Lie 1986 , Kim et al. 1991 , Lie et al. 2000 . During the Korea-China joint cruise, which was designed for the study of water circulation and material flux in the Yellow Sea, we observed unusually high chl a concentrations and enhanced bacterial biomass and production in the central Yellow Sea. Because spring in the Yellow Sea is characterized by the mixing of the aforementioned water masses, all of which have different temperatures and nutrient levels, an interesting ecological question arises as to the factors responsible for both the phytoplankton bloom and the bacterial abundance, production and removal.
The objective of this study was to determine the physico-chemical and biological parameters associated with the bacterial populations in the central Yellow Sea during the spring phytoplankton bloom. First, we report the unique mechanism of the spring bloom in the central Yellow Sea, which differs fundamentally from the mechanism previously reported for the phytoplankton bloom associated with the tidal front in the Yellow Sea. Second, we discuss the relative significance of resources in the enhanced bacterial abundance and production in the bloom area. The intense grazing activity that controls bacterial abundance during the spring phytoplankton bloom is also discussed.
MATERIALS AND METHODS

Sampling.
Investigations on the physico-chemical and microbiological parameters were performed from 6 to 16 April, 1996, at stations along 3 survey lines (Transects B, D and F) and at 3 temporal stations along 1 survey line (Transect P) in the mid-eastern region of the Yellow Sea (Fig. 1) . Water temperature and salinity were measured using a CTD meter (SBE 911 Plus, Seabird Electronics). Seawater samples for chemical and microbiological analyses were collected in acidwashed (10% HCl) Niskin bottles attached to a rosette sampler.
Nitrate and chl a. Water samples for nitrate analyses were collected using acid (10% HCl)-washed polyethylene bottles, and stored at -20°C until they were processed in the lab. Nitrate concentrations were measured according to Parsons et al. (1984) . Chlorophyll a (chl a) concentrations were measured using a spectrophotometer after acetone extraction (Parsons et al. 1984) . In situ chl a fluorescence was also measured, using an in situ fluorometer (Seatech) to obtain vertically continuous distributions of chl a. The chl a concentration in the whole water column was then calculated from the linear relationship between in situ fluorescence (flu) and spectrophotometrically obtained measurements (i.e. chl a = 0.953 × flu + 0.554; r 2 = 0.965, n = 71). Phytoplankton carbon biomass was estimated using a C:chl a ratio of 60 within 30 m depth and a ratio of 40 between 30 and 60 m depth of the water column (Caron et al. 1995) .
Bacterial abundance and production. The abundance of bacteria was measured according to the method of Porter & Feig (1980) . Samples for bacterial abundance were preserved with glutaraldehyde (final conc. 1%), and stored in a freezer at -20°C until bac- Fig. 1 . Map of study area showing stations where physico-chemical parameters (temperature, salinity, nitrate and chl a) were measured or analyzed (small circles), and stations where bacterial abundance and production were measured (double circles)
terial abundance was enumerated in the laboratory.
Since there is often a substantial decrease in bacterial cell numbers when stored for long periods at 4°C (Turley & Hughes 1992 , Kepner & Pratt 1994 , we froze each sample immediately after adding the fixatives (cf. Smith 1998 . Previously, we found that there was no significant reduction in bacterial cell numbers in samples that were frozen and thawed once (data not shown). Water samples were thawed and stained with DAPI, filtered through Nuclepore filters (0.2 µm pore size, black), and mounted on slides with immersion oil (Cargille type A). Bacteria were enumerated using an epifluorescence microscope (Nikon type 104) equipped with a mercury lamp (HB-10101 AF), a UV excitation filter, and a BA 420 barrier filter. Bacterial carbon biomass was estimated from bacterial cell numbers using a conversion factor of 15 fg C cell -1 (Caron et al. 1995) . Bacterial production was estimated from the rate of (Fuhrman & Azam 1980 , 1982 . Briefly, duplicated 20 ml seawater samples were incubated with 3 H-TdR (final conc. 5 nM thymidine, New England Nuclear, NET 027X) at in situ surface water temperature for 30 min in disposable plastic centrifuge tubes. Samples were poured into a 50% ice-cold trichloroacetic acid (TCA) solution (final conc. 5%), and TCA-insoluble macromolecules were extracted in an ice-bath for 15 min. Samples were then collected by vacuum filtration on 0.2 µm cellulose nitrate membrane filters (MFS), and rinsed 3 times with ice-cold 80% ethanol. Filters were placed in scintillation vials with 10 ml of scintillation cocktail (Lumagel Safe, Lumac-LSC), and the radioactivity of the TCA-insoluble macromolecules was determined using a liquid scintillation counter (LKB, RackBeta II). A conversion factor of 1.18 × 10 18 cells mol -1 was used to convert the TdR measurements into bacterial cell production (Rieman et al. 1987) .
Heterotrophic nanoflagellate (HNF) abundance and grazing. The water samples used to enumerate HNF were preserved with glutaraldehyde (final conc. 0.5%), and kept in a refrigerator until processing. Ten to 15 ml of seawater were stained with DAPI (final conc. 1 µg ml -1 ), and filtered through Nuclepore filters (0.8 µm pore size, black) under a vacuum of less than 100 mm Hg (Caron 1983) . HNF cells were enumerated at 1000 × magnification using an epifluorescence microscope (Nikon type 104). Approximately 100 microscopic fields were examined to enumerate HNF. To examine the grazing intensity of HNF on bacteria in the bloom area, a time-course experiment was performed at depths of 10 and 25 m at Stn D7. Seawater samples were collected using 4 l Cubitainers (Hedwin), and incubated at in situ surface water temperature. Subsamples for enumerating bacteria and HNF were collected over time. If HNF grazing were intensive, we would expect to observe a substantial grazing impact during a short incubation. Similarly, we used untreated seawater samples (i.e. no dilution or filtration) to observe direct short-term fluctuations (without lag phase) in bacterial and HNF abundance in bloom conditions (cf. .
Data analysis. Area-based chl a concentrations, bacterial biomass and production, and HNF abundance were obtained from the integration of volume-based values at a depth down to the surface mixed layer, as determined from vertical profiles of either density or chl a concentration. The mean bacterial biomass turnover rate was calculated by dividing depth-integrated bacterial production by the integrated bacterial biomass. Spearman's rank correlation coefficients were calculated using SPSS (Version 8.0) to evaluate the relationships between bacterial properties, chl a, and temperature for both bloom and pooled (i.e. bloom plus non-bloom) conditions.
RESULTS
Environmental parameters
The intrusion of the YSWC that branched from the Cheju Warm Current (CWC) was identified by its tongue-shaped isotherm (9°C) and isohaline (33.4 psu) ( Fig. 2A,B) . The intrusion of the YSWC into the central Yellow Sea was also clear in the vertical temperature (T) and salinity (S) gradient from Transect F to the central Yellow Sea along Stns D9, D7, and B8 (Fig. 3) . The YSWC was characterized by high water temperature (average 12.49°C) and high salinity (average 34.41 psu) ( Table 1) . Low temperature (average 7.15°C) and low salinity (average 32.54 psu) were observed in the CCW that appeared along the shallow coastal areas of Korea and China. The central Yellow Sea was characterized by strong thermohaline fronts at Stns D5, B6, and D9 along the boundary of the CCW and the YSWC. Vertical gradients in water temperature, salinity, and density were observed in both coastal waters and the central Yellow Sea (Fig. 3) . A weak density gradient is associated with increased irradiance, and seems to increase the residence time of phytoplankton in the euphotic layer. Surface water nitrate concentrations were high in areas receiving freshwater runoff; that is, the CRDW (Stns F1 and F2) and along the southwest coast of Korea (Stns D11 and 12) (Fig. 2C) . However, the nitrate concentrations below the euphotic zone of the central Yellow Sea were higher than those of the CCW and YSWC (Fig. 4) as a result of nutrient accumulation in the YSCW during the previous summer and fall (MOST 1998) . Despite the large nitrate supply resulting from winter vertical mixing, low nitrate con- 
Bacterial abundance and production
Bacterial cell numbers in the whole water column ranged from 1.38 × 10 5 to 8.95 × 10 5 cells ml -1 (average 3.16 × 10 5 ) (Fig. 5) . High bacterial abundance was observed in the central Yellow Sea, where the spring phytoplankton bloom occurs (Table 1) . Bacterial production varied from 0.03 to 41.35 pM TdR h -1 (average 6.45) (Fig. 6) , and higher bacterial production (up to 23.5 pM TdR h -1 ) was also observed in the bloom area. Low bacterial abundance and production occurred in the coastal areas influenced by the cold CCW (Stns B4, B6, D4 and D5), and in areas affected by the YSWC with its high T-S but low chl a concentration (Stns D9, F7, F9 and F11). The results indicate that the springtime distributions of bacterial abundance and production in the central Yellow Sea are closely related to the distribution of chl a.
Heterotrophic nanoflagellates
Depth-integrated HNF abundance ranged from 5.3 × 10 9 to 17.9 × 10 9 cells m -2 (Table 1) . HNF abundance was highest in the central Yellow Sea, where high bacterial abundance and production were Table 1 . Depth integrated phytoplankton carbon biomass (chl-C), bacterial carbon biomass (BCB), bacterial production (BP) based on TdR incorporation and carbon production, abundance of heterotrophic nanoflagellates (HNF), the ratio of BCB to chl-C and mean biomass turnover rate (Bact-TR) with different water regimes during spring phytoplankton bloom in the Yellow Sea. Depth integration in Transects B and D was performed based on the vertical gradient of density ( Fig. 3 ) and chl a (Fig. 4) , while depth integration in the F transect was performed down to euphotic depth (30 m) because no vertical gradient in density or chl a was observed. CCW: coastal current water; Central YS: mixture of Yellow Sea Warm Current and Yellow Sea Cold Water; CWC: Cheju Warm Current observed. To test the impact of grazing on bacterial abundance in the bloom area, time-course experiments were performed at 2 depths (10 and 25 m) at Stn D7 (Fig. 7) . HNF started to control bacterial abundance at concentrations of 6.5 × 10 8 and 5.4 × 10 8 bacterial cells l -1 at 10 and 25 m, respectively. However, the increase in bacterial cell numbers resumed when HNF growth was retarded at HNF abundances of 9.0 × 10 5 HNF cells l -1 at both depths. These results indicate that HNF tightly controlled bacterial abundance in the bloom area.
Biomass structure and turnover
Depth-integrated bacterial carbon biomass (BCB) was 1.12 to 17.98% (average 6.95%) of phytoplankton carbon biomass (chl-C) ( Table 1 ). An extremely low BCB:chl-C ratio was observed in the bloom area of the central Yellow Sea, with a range of 1.12 to 5.39%. A low BCB:chl-C ratio in the bloom area seems to result from either the time lag between phytoplankton and bacterial growth (Billen & Fontigny 1987) or protozoan grazing on the actively growing bacterial cell (Sherr et al. 1992 ). The high bacterial production in the central Yellow Sea is owing to the high turnover rate of bacterial populations. Despite the high bacterial production, we observed little increase in bacterial biomass, which we attribute to protozoan grazing on the actively growing bacterial biomass (Fig. 7) .
DISCUSSION
Spring bloom in the central Yellow Sea
Our results are the first to report, to our knowledge, the spring phytoplankton bloom and subsequent high bacterial abundance and production associated with large-scale mixing of water masses in the central Yellow Sea. Several studies have reported on the phytoplankton of the coastal tidal front of the Yellow Sea (Cho et al. 1983 , Choi et al. 1995 . The Yellow Sea coastal waters are physically well mixed with strong tidal currents (1 to 5 m s -1 ) and large tidal ranges (3 to 8 m) (OHA 1978) . A tidal front in the Yellow Sea occurs at the boundary of the turbid coastal waters and the stratified offshore waters during late spring and fall (Seung et al. 1990 , Choi 1991 , Choi et al. 1995 . Generally, in the frontal area, high phytoplankton and bacterial biomasses occur when turbid and high-nutrient coastal waters meet stratified and low-nutrient offshore waters (Pingree et al. 1975 , Floodgate et al. 1981 . In a study of plankton distribution around the Yellow Sea front, Cho et al. (1983) found a discontinuity in the species composition of phytoplankton and zooplankton at the boundary. Choi (1991) also reported a higher phytoplankton biomass and primary production at the frontal region than in the turbid inner coastal and stratified offshore waters. Lie (1989) described 4 strong tidal mixing zones in the Yellow Sea: the northwestern, midwestern, and southwestern coast of Korea, and the mideastern coast of China.
Our results indicate that the cause of the spring bloom in the central Yellow Sea and around the thermohaline front differs fundamentally from that of the enhanced phytoplankton biomass observed at the coastal tidal front. The bloom in the central Yellow Sea is associated with high nutrient conditions that are caused by the winter mixing with YSCW (Fig. 4) and weak vertical stratification (Fig. 3) , which enhances the residence time of phytoplankton in the highnutrient surface water. The intrusion of the high T-S YSWC induces a strong thermohaline front that separates the warm central Yellow Sea from cold coastal waters. Therefore, the nitrate supplied from the vertical mixing of the YSCW during winter seems to be the nutrient source of the spring phytoplankton bloom in the central Yellow Sea. Actually, the nitrate concentration in the bottom layer of the central Yellow Sea was higher than that of coastal waters (Fig. 4) . Moreover, the weak vertical density gradient (Fig. 3) , which forms as a result of the increased irradiance in spring, results in a longer residence time for phytoplankton in the euphotic zone, and triggers the phytoplankton bloom (Sverdrup 1953) . The direct impact of the YSWC on the phytoplankton bloom in the central Yellow Sea is not clear at this point. However, there was a decreasing gradient of T-S nitrate together with an increasing chl a concentration at the stations along Transect F and Stns D9, D7 and D6 (Figs. 3 & 4) , suggesting that the phytoplankton bloom in the central Yellow Sea is stimulated, to some extent, by the intrusion of the high T-S YSWC. A description of the physical properties of the water mass in the Yellow Sea is beyond the scope of this paper; they were well defined in Lie et al. (1999 Lie et al. ( , 2000 . However, to elucidate the unique mechanism of the spring phytoplankton bloom in the central Yellow Sea, it is essential to understand the seasonal and spatial variation of each water mass in the Yellow Sea. Based on our results in Figs. 2 to 6 and results from the literature on the variation in water mass and chemical parameters, we suggest a scenario for the unique mechanism of the spring phytoplankton bloom in the central Yellow Sea (Fig. 8) . In summer (May to October), the extension of the CRDW isolates the Yellow Sea from the CWC, which flows clockwise along the western boundary of Cheju Island (Kim et al. 1991 ). The saline YSWC, which originates from the CWC, does not intrude into the Yellow Sea during the summer monsoon (Park 1986 , Lie et al. 1999 . The Yellow Sea water column is strongly stratified, with warm, low salinity water in the surface mixed layer (20 to 30 m), and cold, saline water in the bottom layer (Lie 1986 ). This cold, lower water mass is the YSCW, which is formed by the cold northwest wind during the previous winter (Chen et al. 1994) . After the spring phytoplankton bloom, an accumulation of particulate organic matter occurs in the bottom layer, resulting in high nutrient regeneration at the bottom of the YSCW (Kim et al. 2000) . In winter (November to February), strong northwest winds transport the surface waters southward, causing the bottom waters to move north. This large-scale circulation, caused by strong winds together with surface cooling, results in a vertically homogenous water mass (Chen et al. 1994 , Lie et al. 2000 . During this period, the intrusion of the high temperature, high salinity YSWC occurs intermittently (Hsueh 1988) . The mixing allows nitrate concentrations to become vertically homogenous, and reach up to 6 µM concentrations in surface waters (KORDI 1998) . Despite the high nutrient supply from the bottom waters of the YSCW, chl a concentration is low (< 0.2 µg l -1 ; KORDI 1998). A vertically homogenous water column may cause no accumulation of phytoplankton in the euphotic zone (see Mann & Lazier 1991) . Therefore, the low chl a seems to be due to the deep mixed-layer depths that are deeper than the critical depth, thus preventing phytoplankton from blooming (Sverdrup 1953) . Further studies on the plankton dynamics associated with water mixing in the winter should be conducted. Finally, the water mass in spring (February to April) is characterized by more frequent intrusions of the high T-S YSWC waters from the CWC (Lie et al. 2000) (Fig. 2) . Lie et al. (1999) reported that 46.6% of the total water volume has a salinity between 33 and 34 psu, the typical salinity range in the YSWC. The YSWC intrusion forms thermohaline fronts along the boundary of the high T-S YSWC and the low T-S CCW, supplies heat and salt into the area, and finally separates the central Yellow Sea from the cold and turbid coastal water environments. A weak vertical density gradient (Fig. 3) results from the increased irradiance that occurs at this time, which ultimately increases the retention time of phytoplankton in the surface mixed layer. The combination of enhanced irradiance with the effect of mixing of the YSWC and the high-nutrient YSCW seems to cause the spring phytoplankton bloom in the central Yellow Sea.
Factors controlling bacterial variables
The peaks of bacterial abundance and production coincided with the peaks in chl a concentration (Figs. 4  to 6 ), which indicates that bacterial variables in the central Yellow Sea were tightly coupled with phytoplankton (or bottom-up processes). However, direct coupling of bacteria with phytoplankton may be due to a common external factor affecting both bacteria and phytoplankton. Since the bloom occurred in the central Yellow Sea, where YSWC mixes with YSCW, water temperature might act as a co-variable for bacteria and phytoplankton. Therefore, the key question pertaining to bacterial populations is which factor -temperature or resource -is more important in determining the high bacterial abundance and production in the central Yellow Sea. To examine the relative significance of resources and temperature for bacteria, correlation analyses were performed between bacterial variables and chl a concentration and water temperature within the euphotic zone of the central Yellow Sea. In the bloom condition, bacterial abundance (r 2 = 0.237, p = 0.013), production (r 2 = 0.568. p < 0.001), and mean biomass turnover rates (r 2 = 0.342, p = 0.002) were significantly correlated with chl a concentration (Table 2 ). These results indicate that bacterial parameters in the central Yellow Sea in the spring are largely dependent on the resource supply from phytoplankton. Many studies have reported that bacterial biomass and production in freshwater and marine environments are positively correlated with phytoplankton biomass and production (Bird & Kalff 1984 , Cole et al. 1988 , although weak correlations were reported in some cases (Ducklow 1999) . The general mechanism suggested for the coupling of bacterial growth with phytoplankton is an extracellular release of dissolved organic matter (DOM) from phytoplankton (Mague et al. 1979 , Bjørnsen 1988 . Billen & Fontigny (1987) demonstrated a rapid response by bacterioplankton to the release of organic matter by phytoplankton during the spring bloom in Belgian coastal waters. Similar couplings of high bacterial biomass to phytoplankton were reported during the North Atlantic Bloom Experiment (Kirchman et al. 1991 , Ducklow et al. 1993 . Specifically, during the decline of the bloom, Ducklow et al. (1993) estimated that approximately 2 / 3 of bacterial production accumulated as biomass and 1 / 3 was removed by grazers or by other forms of mortality. The enhanced bacterial abundance (Fig. 5, Table 1 ) in the central Yellow Sea, even under intense grazing activity (Fig. 7) , indicates that bursts of bacterial growth in response to increases in primary production result in relatively higher bacterial abundance. In addition to the DOM released by phytoplankton, DOM release mediated by zooplankton, protozoa, and viruses is known to support bacterial growth in aquatic environments (see Nagata 2000) . It is also probable that these mechanisms are in effect during the bloom.
Our results on the coupling of bacteria with chl a concentrations (i.e. resources) differ from other conclusions in the coastal water of the Yellow Sea. In the turbid coastal mouth of the Yellow Sea, Cho et al. (1994) reported that bacterial production was not significantly coupled with phytoplankton production because of strong tidal mixing. In the Han River estuary of the Yellow Sea, Hyun et al. (1999) found no significant correlation between bacterial growth and chl a, suggesting that bacterial production does not rely on a supply of organic carbon from phytoplankton because of an allochthonous input of terrestrial organic matter. Similarly, Kirchman et al. (1989) reported insignificant coupling between phytoplankton and bacterial populations in the mixed Rhône River plume, and suggested that this was due to an input of allochthonous carbon, and to changes in growth conditions caused by mixing. Unlike the turbid and eutrophic coastal waters, the central Yellow Sea in spring is characterized by an intrusion of the YSWC (Figs. 2 & 3) , with its oceanic (i.e. unturbid and relatively oligotrophic) properties. The springtime intrusion of the YSWC dilutes the nutrient regime of the central Yellow Sea by a factor of 2, compared to nitrate concentrations in February (KORDI 1998). Finally, the microbiological habitat in the central Yellow Sea differs from that in the eutrophic and turbid coastal areas, and the positively significant correlation between bacterial parameters and chl a (Table 2) implies that resource supply from phytoplankton is one of the major factors stimulating bacterial production during the spring bloom in the central Yellow Sea.
On the other hand, despite the mixture of various water masses with different temperature range, the correlations between water temperature and bacterial variables were not significant (Table 2) . Low bacterial biomass and production were observed in the high temperature YSWC (Stns F7, F9 and F11), and high bacterial cell numbers and production were measured at the lower temperature stations (Stns B8 and B10). These results also indicate that temperature alone is not a primary factor limiting bacterial populations during the spring bloom in the central Yellow Sea. Many studies have indicated that rather than temperature alone, the interactive effects of temperature and substrates regulate bacterial properties. For example, during a spring bloom in Newfoundland coastal waters, Pomeroy et al. (1991) found that bacterial respiration increased with increasing temperature and substrate concentration, and they speculated that temperature and substrate interactively affect bacterial populations. Shiah et al. (1999) , working between 25 and 27°N in the East China Sea, reported that temperature was a determining factor for bacterial production on the inner shelf, which is characterized by low temperatures (< 20°C) and high nitrate concentrations, while resources were more important on the outer shelf, which has high temperatures (> 20°C) and low nitrate concentrations. The results may imply that temperature can be a dominant controlling factor when substrate is not growth limiting for the bacteria. Therefore, the lack of a significant correlation between the bacterial parameter and temperature suggests that bacterial abundance and production in spring were more affected by substrate supply (bottom-up control) than by temperature.
It is well established that the impact of grazing on bacterial abundance is substantial in highly productive regions where bacteria are metabolically active and fast growing (Sanders et al. 1992 , Dufour & Torréton 1996 , Ducklow 2000 . Although bacterial biomass turnover rates were high in the central Yellow Sea, bacterial carbon biomass in the bloom area accounted for only 2.75% of chl-C ( Table 2 ). The low BCB:chl-C ratio in the central Yellow Sea was owing to smaller increases in bacterial biomass than in phytoplankton biomass. One of the reasons for the low BCB:chl-C ratio in the bloom area was likely because of the time lag between phytoplankton and bacterial growth, a phenomenon of the early stages of phytoplankton blooms (Billen & Fontigny 1987 , Ducklow et al. 1993 . Another implication of the low BCB:chl-C ratio is tight grazing control on the fast-growing bacterial biomass in the bloom area. Sherr et al. (1992) reported that bacterivores preferentially removed dividing cells. Del Giorgio et al. (1996) also found that the proportion of active cells was negatively correlated to the loss rate and initial HNF density, indicating that HNF selectively consumed metabolically active cells. From their estimation that metabolically active bacteria were grazed more than 4 times faster than were inactive bacteria, del Giorgio et al. (1996) hypothesized that low proportions of active bacteria in a natural environment may be the direct result of high grazing pressure on active cells, and not a result of substrate limitation. During a bloom in the Gulf of St. Lawrence, Rivkin et al. (1996) found that bacterial and ciliate abundances were low, but the bacterial growth rate and HNF (< 5 µm) abundance were high, indicating tight foodweb control between prey and predator (bacteria-HNF-ciliates-zooplankton) during bloom conditions. Our results give several indications that bacterivores tightly control bacterial abundance during the bloom in the central Yellow Sea. First, the high HNF abundance associated with the relatively high bacterial abundance in the central Yellow Sea suggests intense grazing activity on bacteria (Table 1) . Second, despite the positive relationship between chl-C and bacterial parameters in the bloom (Table 2) , the fact that the correlation between bacterial abundance and chl-C is lower than that between bacterial production and chl-C also implies the substantial removal of bacteria by either bacterivores or viruses. Finally, the results of our time-course experiment (Fig. 7) directly demonstrate that HNF numbers fluctuate with bacterial numbers, as has been shown elsewhere (Fenchel 1982 , Kirchman et al. 1991 . Overall, the high bacterial production during the spring phytoplankton bloom in the central Yellow Sea is due to high specific growth rates despite low biomass increases. Our results suggest that the high bacterial growth in the central Yellow Sea is supported by the substrate, while bacterial biomass levels are kept low due to grazing pressure during the spring bloom.
In the bloom area, it is regarded that energy flow through conventional grazing food chains (i.e. from phytoplankton to zooplankton to fish) or benthic utilization of the phytoplankton might be dominant processes (Nielson & Richardson 1989 , Pomeroy et al. 1991 . Our results imply that the grazing impact by bacterivores was also important in regulating bacterial abundance during the bloom. Therefore, more comprehensive ecological studies on major biological groups and bio-limiting elements should be conducted to better understand the food web structure and biogeochemical element cycles and to estimate potential fisheries capacity in both pelagic and benthic habitats during and after the spring bloom in the central Yellow Sea.
